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Foliar N and P in Nutrient-limited Ecosystems Nutrient limitation is one of the most fundamental challenges terrestrial plants face, 1 affecting population, community, and ecosystem dynamics through processes such as 2 competition, herbivory, extinction, and nutrient cycling rates. While past studies have often 3 focused on plant adaptations under infertile site conditions versus fertile ones, there has been a 4 recent emphasis on identifying the cause and nature of the infertility 4 , including new meta-5 analyses that demonstrated nitrogen (N) and phosphorus (P) limitation are widespread in 6 terrestrial, freshwater, and marine ecosystems 5, 6 . Because of the importance of N and P for plant 7 functions, plants in nutrient-limited ecosystems generally develop adaptations to either obtain 8 more nutrients or to avoid losses 1 . However, due to the differences in the soil mobility, 9 availability, uptake, and cellular uses of N and P 2 , the way plants respond to nutrient 10 amendments may fundamentally differ in N-and P-limited systems. 11
Nutrient limitation of ecosystems is typically determined by fertilization experiments, 12
with increased biomass or growth rates taken as evidence of limitation 5, 6 . A more indirect index 13 of nutrient limitation is foliar nutrient concentration, which is predicted to increase in response to 14 addition of the limiting nutrient. This assumption is reasonable given that foliar nutrient 15 concentrations (expressed either as N concentration, P concentration, or a ratio of N-to-P) reflect 16 relative soil fertility 4, 7 . 17
The Hawaiian Islands have been used as a model to study nutrient limitation because 18 soils there exhibit examples of both N and P limitation. A series of sites in Hawaii that vary in 19 soil age and fertility but are similar in elevation (1200 m), mean annual precipitation (2500 mm), 20 mean annual temperature (16 °C), and species composition have demonstrated that geologically 21 young Hawaiian wet forest soils are N limited, while older, highly weathered soils are P limited 4 . 22
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Foliar N and P in Nutrient-limited Ecosystems Having similar environmental conditions occurring under both nitrogen and phosphorus 1 limitation is a situation unparalleled in continental gradients and is invaluable for testing 2 hypotheses. 3
The present study examines foliar concentrations of entire plant communities after 4 fertilization-to determine if responses to nutrient supply reflect fundamental differences in N 5 and P use that transcend species-specific and site differences. Leaves of common species were 6 collected from long-term fertilized plots at N-limited (300-y-old) and P-limited (4.1-my-old) 7 sites. At both sites N addition did not increase foliar N concentrations over control levels, but P 8 (or N+P) additions increased foliar P concentrations dramatically (Fig. 1) . Foliar P but not foliar 9 N increases were also seen when nutrients were expressed on an area basis and when each 10 species was analyzed separately, but fertilization did not increase individual leaf area, mass, or 11 specific leaf area. 12
What is remarkable about this differential P response is that it is occurring 1) across 13 species of very different life forms, and 2) occurring at the both sites-including the young site 14 where P additions have shown not to increase tree growth 3 . This uptake of may be a case of 15 luxury consumption or accumulation 1 , and could represent substantial storage of P. Given the 16 patchiness and low bioavailability of P 2 , the ability of plants to develop efficient uptake and 17 storage mechanisms when P becomes available may have strong selective advantages. 18
Such luxury consumption could complicate the interpretation of foliar nutrient status as 19 an index of nutrient limitation however. Recently, it has been suggested that N and P are in close 20 stoichometric balance in most ecosystems 5 , but long term storage of foliar P challenges that 21 hypothesis. We might expect that fertilization with P makes species appear N limited (N:P 22
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Foliar N and P in Nutrient-limited Ecosystems values < 14 mass-based, as defined by Koerselman and Meuleman 8 ) , and that fertilization with N 1 tends to make most species appear to be P limited (N:P values > 16). However, when fertilized 2 with N and P together, the greater variation in foliar P makes all species seem N limited (Fig. 2) ; 3 such a conclusion would be inappropriate for species on the P-limited site. 4
While the limitation cutoff N:P values do not apply in all systems, they have been widely 5 applied in both aquatic and terrestrial systems 9 , and represent a useful concept of isolating the 6 type of nutrient limitation. The results shown here suggest that ratios of N-to-P may driven more 7 by variation in P than in N, a trend noted in literature surveys of foliar nutrients 7,10 and resorption 8 before leaf senescence 11 . Furthermore, although the phenomenon of luxury consumption has 9 often been demonstrated, what has not been appreciated by ecologists is that this greater 10 accumulation of P than N after fertilization is widespread in terrestrial ecosystems ranging from 11 tropical mangroves to Arctic tundra (Table S1) . 12
If such P accumulation is luxury consumption, it may mean that total foliar P 13 concentration is not necessarily related to immediate plant needs. This hypothesis helps explain 14 physiological studies that have found that phosphate uptake was regulated not by the external 15 supply but by some kind of internal control 12, 13, 14 , and plant level studies that show a poor 16 relationship between biomass and foliar P concentrations for many species 15, 16 . Cytoplasmic P 17 remains relatively constant while the concentration of vacuolar P varies, allowing stored vacuolar 18 P to buffer changes and maintain physiological tissue activity across a wide range of bulk P 19 concentrations 17, 18 . This vacuolar P is believed to be in inorganic forms 17, 18 . 20
To test whether fertilization affected allocation to N and P compounds in leaves, the 21 inorganic and organic forms were examined. Inorganic N (N i ) is generally not often stored in 22
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Foliar N and P in Nutrient-limited Ecosystems plant cells but quickly incorporated into proteins or amino acids, which are the main N storage 1 compounds in plants 1 . In contrast, inorganic P (P i ), stored as orthophosphate or polyphosphate in 2 plant vacuoles, may be as much as 2/3 rd of total plant P 18 . While it has been hypothesized that 3 foliar P i should increase with fertilization owing to storage 19 , this question has only been 4 examined in individual species, mainly agricultural crops, and not from an ecosystem 5 perspective. 6 N fertilization at either site did not increase N i or N o concentrations or alter the allocation 7 between the two forms ( Fig. 3A-D ; Table S2 ). In contrast, P fertilization led to increases in P i 8
and P o at both sites ( Fig. 3E -H: Table S3 ) but did not affect allocation. As hypothesized most of 9 the N was in organic forms, while P was more variable; N i concentrations of individual samples 10 ranged from 0.1 to 6.5% of total foliar N, while P i concentrations ranged from 4.6 to 66.4%. 11
Although the P o increase was a result not expected by the agricultural literature 18 , it is 12 consistent with the limited number of studies done on wild plants 20, 21, 22 , as is the differential N 13 and P response 20, 22 . The consequences of increased foliar P i and P o concentrations go beyond 14 whatever growth advantages they may provide to an individual because: 1) P i is the form of P 15 that is resorbed before senescence 20 ; 2) P i in leaf litter will not require mineralization and may be 16 more easily used by microbes and plants 22, 23 ; and 3) P o often represents the majority of P in 17 soils 17 . 18
As a final point, foliar P accumulation was detected in all species tested in this 19 ecosystem, as well as many other ecosystems, including from mangroves, wetlands, and forests 20 (Table S1 ). These results suggest that cycling of P through organic residues may be an important 21 mechanism of enhancing long-term productivity and potentially overcoming P limitation in 22
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Foliar N and P in Nutrient-limited Ecosystems many ecosystems. With external inputs it may be possible to overcome P limitation on shorter 1 time scales than N limitation due to feedbacks that affect litter nutrient concentrations 24 and 2 decomposition 25 that have already been observed at these two sites (Fig. S1 ). Evidence for such 3 a mechanism exists in plantation forestry where one-time P applications can lead to decadal long 4 increases in total P in the forest floor and soil P i 26 , while repeated long-term N fertilization does 5 not lead to increased N in the forest floor 27 . Similar long-term retention of P but not N (23 years 6 after fertilization), has been observed in Florida seagrass communities 28 . Overcoming N 7 limitation, however, may be more difficult-constrained not only by the lack of a strong foliar 8 accumulation response, but also by the recalcitrant nature of carbon-nitrogen bonds, protein-9 precipitating defense compounds, elemental limitations of N-fixing bacteria, greater potential for 10 loss through denitrification and leaching 29 , and inhibition of lignin degradation under high soil 11 N 30 . The end result of these systematic differences is that increases in P supply produce changes 12 in nutrient cycling that are of greater magnitude and sustained for longer time periods than 13 increases in N supply. 14 This study highlights the importance of thinking beyond simple categorizations of 15 infertile and fertile soils dominant in the ecological literature and suggests that we need to be 16 thinking about N and P limitation as two fundamentally different phenomena. Using a model 17
Hawaiian system that contains both low N and low P soils suggested that tropical plants from a 18 variety of life forms and initial nutrient concentrations uptake and store much greater amounts of 19 P after inorganic P fertilization than N after N fertilization. These Hawaiian forests provide a 20 powerful test because of the similarity in climate and species between sites, but the patterns 21 described also appear to be operating in a diversity of ecosystems. The stoichometry between N 22
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Foliar N and P in Nutrient-limited Ecosystems and P, although conserved under normal conditions 5 , may deviate during pulses of increased soil 1 nutrient availability, largely due to variation in P uptake, rather than variation in N 2 concentrations. Although this greater variation in P concentrations has been noted previously 7, 9 , 3 the consequences of foliar P accumulation for interspecific competition, biomass allocation, 4 herbivory, recruitment dynamics, and nutrient cycling remain largely unexplored. 5 6
METHODS SUMMARY 7
Site description and field sampling. The N-limited site and the P-limited site are described 8 fully in 3 . Briefly, previous determination of nutrient limitation was done in 15 x 15 m plots (n = 9 4/treatment) that have been fertilized with 100 kg/ha N and/or P twice annually since 1985 (N-10 limited site) or 1991 (P-limited site). Young, fully expanded leaves were collected with a 11 pruning pole, shotgun, or clippers in control and long-term +N, +P, +NP fertilization plots at 12 both sites. The species chosen were sufficiently abundant in 3-4 plots of each treatment. If 13 available, three individuals per species were sampled per plot. Leaf area was measured on a 14 LICOR 3000 and dried at 70ºC for at least 48 hours and SLA (m 2 /g) was calculated. The three 15 individuals per species were averaged and the four plots were considered replicates. Differences 16 between fertilized treatments were determined for each site separately due to unequal numbers of 17 species; all statistical tests were one-way ANOVA or Welch ANOVA when variances were 18 unequal (α = 0.05). 19
Chemical analyses. Leaf tissue was ground in a Wiley mill (40 mesh) and analyzed for total N 20 and P concentration using Kjeldahl digestion followed by colorimetric assay on an Alpkem 21 autoanalyzer (OI Analytical, Wilsonville, OR). To evaluate fractions of P and N, two control 22 Ostertag Page 9
Foliar N and P in Nutrient-limited Ecosystems and two fertilized samples per species were randomly selected. 31 P-NMR was used to determine 1 P i and P o ; samples were analyzed on a Varian Inova 400 WB with 4mm CMX Apex HX CPMAS 2 probe (Chemagnetics, Fort Collins CO). plants. Ann. Rev. Ecol. Syst. 21, 423-447 (1990) . 9 2.
Lambers, H., Raven, J. A., Shaver, G. R. & Smith, S. E. Plant nutrient-acquisition 10 strategies change with soil age. Trends Ecol. Evol. 23, 95-103 (2008) . Appl. Ecol. 33, 1441 -1450 (1996 . 4 9.
Güsewell, S. N:P ratios in terrestrial plants: variation and functional significance. New 5
Phytol. 164, 243-266 (2004 267-274 (2006) . 
